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Summary
Objective: The aim of this study was to analyze sex di#erences in knee cartilage volume.
Methods: Articulate cartilage volumes were determined by processing images acquired in the sagittal plane using
T1-weighted fat saturation magnetic resonance on an independent work station. The knees of 28 subjects (17 male,
11 female) who underwent MRI for clinical indications (pain <3 months) but who had a normal X-ray and structurally
normal MRI were examined.
Results: Males had significantly larger cartilage volumes than females, with di#erence in cartilage volume
remaining statistically significant after adjusting for age, height, weight and bone volume. The di#erences for males
relative to females were: femoral cartilage volume [4.1 ml 95% CI (2.0, 6.1)]; and patella cartilage volume [1.4 ml (0.2,
2.7)]. Although not statistically significant, the tibial cartilage volume also showed these sex di#erences. Exploratory
analysis indicated an increasing gender di#erence with increasing age for patellar cartilage volume.
Conclusion: Men have significantly larger knee cartilage volume than women, independent of body and bone size.
The mechanisms for this will need to be determined.
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OSTEOARTHRITIS (OA) is a common cause of dis-
ability in people aged over 65 years [1]. Develop-
ment of treatments for OA is limited by the lack of
a non-invasive method that is reproducible and
accurate and can be used to measure progression
of disease. Until recently, conventional radiology
was the only available, validated, non-invasive
method for assessing progression of OA [2]. Carti-
lage degeneration is commonly considered to be
the initial pathologic defect in OA [3]. In most
epidemiological studies joint space narrowing is
used as a surrogate measure for this [4]. A recent
study showed that measurable rates of progression
in OA are low [4]. Deterioration occurred in joint
space narrowing in 12 months in subjects with OA.
However, because of the slow evolution and con-
siderable variability of the clinical status of265patients with OA there is great need for a simple,
non-invasive, reproducible method to assess joints
over time.
Magnetic resonance imaging (MRI) has become
a useful tool for early detection and measurement
of cartilage lesions due to its ability to non-
invasively visualise hyaline cartilage in vivo [5].
Interest has focussed on two areas of joint carti-
lage measurement, knee cartilage volume [6–11]
and thickness [10–12]. The relative advantages of
one measurement compared to the other are
unclear. However, in contrast to knee cartilage
volume estimates, a major limitation of cartilage
thickness measurement in longitudinal studies is
di$culty in reselecting identical section locations
in follow-up MRI [7]. This can be overcome by
determining the cartilage thickness throughout
the entire joint rather than at specific locations
[13].
Very little is known about the determinants of
knee cartilage volume. Post-mortem studies have
provided inconsistent conclusions about the e#ect
of age, weight, height and body mass index on knee
266 Cicuttini et al.: Determinants of knee cartilage volumecartilage volume. A potential problem in these
studies is that any cartilage changes could be due
to fixation artifact since formalin fixation may
cause cartilage swelling [12]. In addition, many of
these studies did not evaluate variables such as
obesity, sex, height and bone size that may con-
found the results. Nothing is known about gender
di#erences in cartilage volume. However, there is
evidence that there are gender di#erences in other
parts of the musculoskeletal system such as in
muscle mass and possibly bone mass [14–16]. We
performed a cross-sectional study of 28 subjects
with structurally normal knees to examine the
determinants of knee cartilage volume.MethodsPATIENTS AND SPECIMENS
The following anatomical samples were used to
compare cartilage volume estimates obtained
from MRI and directly from dissection of cartilage
anatomical samples: three knee joints from indi-
viduals undergoing above knee amputations for
vascular insu$ciency; 10 patellas from individuals
at post-mortem; specimens from three subjects
undergoing total knee replacement.
Amputated limbs were imaged within 2 hours of
surgery. Patella, tibial and femoral specimens
were stored at 4)C and imaged within 24 hours of
removal. These specimens were imaged in physio-
logical saline in order avoid magnetic suscepti-
bility artifact due to air/tissue interface and its
negative e#ect on accuracy.
The knees of 28 subjects (17 males, 11 females)
who underwent MRI for clinical indications (pain
<3 months) were recruited into this study. No
subject had known inflammatory or crystal
arthritis. Subjects were included if they had a
normal knee X-ray (including no features of osteo-
arthritis) and structurally normal knee MRI (i.e.,
no cartilage, bone or meniscal pathology and no
evidence of joint e#usion). Each person’s weight
and height was measured.MRI IMAGING
Knees were imaged in the sagittal plane on a
1.5-T whole body magnetic resonance unit (Signa
Advantage GE Medical Systems Milwaukee, WIS)
with use of a commercial transmit-receive
extremity coil as previously described [6]. The
following image sequence was used: a T1-weighted
fat saturation 3D gradient recall acquisition in the
steady state; flip angle 55 degrees; repetition time
58 msecs; echo time 12 msec; field of view 16 cm; 60partitions; 512#512 matrix; acquisition time
11 min 56 sec; one acquisition. Sagittal images
were obtained at a partition thickness of 1.5 mm
and an in-plane resolution of 0.31#0.31 (512#512
pixels).DETERMINATION OF CARTILAGE VOLUME BY DISSECTION OF
CARTILAGE AND VOLUME DISPLACEMENT
After imaging was completed, the amputated
knees were surgically disarticulated and all carti-
lage was scraped from the patella, femur and tibia.
It has previously been shown that the marked
di#erence in consistency between articular carti-
lage and subcondylar bone allows relatively easy
separation of the two tissues with confidence [6].
The true volumes of these individual cartilage
plates were then determined by means of saline
displacement in a graduated cylinder. Cartilage
specimens obtained from the patella and from
patients undergoing total knee arthroplasty were
treated in a similar fashion. Hyaline cartilage was
scraped from the patella bone and quantified by
means of saline displacement, as for the amputated
knees.QUANTIFICATION OF CARTILAGE VOLUME WITH MR IMAGING
We used the method previously described by
Peterfy et al. [6]. Articulate cartilage volumes were
determined by means of 3D image processing on an
independent work station using the software pro-
gram Analyze 7.5 (Biomedical imaging resource,
Mayo Clinic). In this technique, the image data
were transferred to the workstation and an iso-
tropic voxel size was then obtained by a trilinear
interpolation routine. The volume of individual
cartilage plates were isolated from the total vol-
ume by manually drawing disarticulation contours
around the cartilage boundaries on a section by
section basis (Fig. 1). These data were then resam-
pled by means of bilinear and cubic interpolation
(area of 312 and 312 um and 1.5 mm thickness,
continuous sections) for the final 3D rendering.
The volume of the particular cartilage plate was
then determined by summing all the pertinent
voxels within the resultant binary volume. This
was done by a single observer (FC).
An index of bone size was calculated by measur-
ing femoral condylar volume in each subject. This
was done by using the same method as for cartilage
volume. Contours were drawn around the femoral
condyle in images 1.5 mm apart on sagittal views.
In each section the anterior, posterior and lower
border corresponded to the bone-cartilage junc-
tion. The superior border was delineated by draw-
ing a straight line connecting the superior limits of
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(Fig. 2).FIG. 1. (a) Single T1-weighted fat saturation sagittal image of a study subject’s knee. (b) The same image with the
femoral, tibial and patella knee cartilages outlined during segmentation on the workstation.FIG. 2. Single T1-weighted fat saturation sagittal image of a study subject’s knee with a typical outline of the bone
contour used in the calculation of bone volume.DATA ANALYSIS
The accuracy of the MRI cartilage volume esti-
mate technique was calculated as the averageabsolute over or under estimation of cartilage
volume at MR imaging, with the volume measured
by means of water displacement as the standard of
reference. The reproducibility of the MRI cartilage
volume estimate was determined by repeating the
cartilage volume estimates twice on 12 subjects
randomly selected from the 28 subjects who
268 Cicuttini et al.: Determinants of knee cartilage volumeunderwent MRI for clinical indications. The coef-
ficient of variation (CV) of MR imaging quantifi-
cations of cartilage volume was determined from
the repeated images using one-way random e#ects
analysis of variance as the within-subject standard
deviation divided by the mean of the replicated
measurements across all subjects. An intraclass
reliability coe$cient was also computed from
this ANOVA as the between subject variance
component divided by the total variation
Linear regression was used to examine the e#ect
of age, sex, weight, height, body mass index (BMI)
and femoral condyle bone volume (as a measure of
bone size) on femoral, patella and tibial cartilage
volumes in univariate analyzes and in a multivari-
ate model. Results are presented as regression
coe$cients that represent di#erences in cartilage
volume per unit change in the relevant explana-
tory factor, while other factors are held constant
(i.e., controlled for). The adequacy of the regres-
sion model was assessed using standard regression
diagnostic techniques [17].ResultsMRI QUANTITATION OF KNEE CARTILAGE VOLUME
Cartilage volumes obtained from MR imaging-
derived cartilage volume estimates and the vol-
umes measured by means of water displacement
were similar. The volume of the cartilage from 10
patellas obtained at post-mortem (six males, four
females; age range 62–82) ranged from 1.9–4.1 ml,
as determined by the MRI method, and 1.6–4.4 ml,
as determined by dissection and volume displace-
ment. The average over- or underestimation of
the cartilage volume using MRI was 0.2
(8.3%)&0.1 mL. The volume of the cartilage from
the six femur specimens (three joint replacement
and three above knee amputations; three men,
three women; aged 67–94 years) ranged from
1.8–14.4 ml, as determined by the MRI method, and1.2–13.6 ml, as determined by dissection and
volume displacement. The average over- or under-
estimation of the cartilage volume using MRI was
0.6 (9.2%)&0.1 mL. The volume of the cartilage
from the four tibial specimens (one joint replace-
ment and three above knee amputations; two men,
two women; aged 74–94 years) ranged from 2.4–
4.2 ml, as determined by the MRI method, and
3.2–4.4 ml, as determined by dissection and volume
displacement. The average over- or underestima-
tion of the cartilage volume using MRI was 0.4
(9.2%)&0.1 mL. These are similar to previously
reported results [6, 8].REPRODUCIBILITY OF MRI VOLUME ESTIMATES
The overall coe$cients of variation as measure
of intraobserver reproducibility for patellar vol-
ume was 3.0%, with individual subject values
ranging from 1.6–6.5%. For femoral and tibial
volumes, the values were 2.0% (range 1.0–2.5%)
and 5.0% (range 0.5–9.5%), respectively. The intra-
class correlations for patellar, femoral and tibial
volumes were 0.99, 0.99 and 0.96 respectively.Table I
Characterisitcs of participants*
Males
(N=17)
Females
(N=11)
P value
Age (yrs) 41.4 &14.8 31.2 & 8.6 0.095
Weight (kg) 83.4 &13.4 64.7 &10.1 <0.001
Height (m) 1.76& 0.11 1.67& 0.06 0.014
BMI (kg/m2) 27.9 & 5.6 23.7 & 3.2 0.020
Patella volume (ml) 4.22& 0.77 2.87& 0.89 <0.001
Femoral volume (ml) 14.14& 2.26 8.83& 1.04 <0.001
Tibial volume (ml) 5.97& 1.20 4.00&0.73 <0.001
Bone volume (ml) 114.99&14.06 70.69&16.58 <0.001
*Values are mean&SD. P-values are from Wilcoxon Rank Sum test.DETERMINANTS OF KNEE CARTILAGE VOLUME
In our 28 clinical subjects, men were signifi-
cantly older (P=0.05), taller (P=0.004), heavier
(P=0.001) and had larger femoral (P<0.001), tibia
(P<0.001), patella (P<0.001) cartilage and bone
(P<0.001) volumes than women (Table I). In uni-
variate analyzes, there was minimal e#ect of age or
body mass index (BMI) on patella, femoral or tibial
cartilage volumes (Table II). Cartilage volumes
were significantly associated with gender and con-
dylar bone volume. In multivariate analyzes, the
volume of the femoral and patella cartilages were
found to be significantly larger in men than women
independent of other potential confounders (age,
weight, height, and femoral condylar bone volume)
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femoral cartilage volume of males relative to
females of comparable age, weight, height and
bone volume was estimated to be 4.1 ml (95%
confidence interval 2.0–6.1 ml). The corresponding
di#erence for patellar cartilage volumes was 1.4 ml
(95% CI 0.2–2.7 ml). Although not statistically
significant, the corresponding di#erence for
tibial cartilage volumes was 0.44 ml (95% CI
"1.3–2.2 ml).
Assessment of heterogeneity of the e#ects of age,
height, weight and bone volume between males
and females was performed using appropriate
interaction terms in the multiple regression model.
Only the e#ect of age on patellar volume di#ered
between males and females, with the gender
di#erence at age 25 estimated at 0.7 ml (95% CI
"0.5–1.7), but a greater gender di#erence at age 40
of 1.8 ml (95% CI 0.7–2.9). No other interaction
terms were statistically significant at a 25% level,
and these were not pursued further.Table II
Determinants of femoral, patella and tibial cartilage volumes
Univariate analysis
Regression coe$cient
Multivariate analysis*
Regression coe$cient
95% CI P value
Femoral cartilage
Age1 0.01 "0.04 ("0.09 to 0.01) 0.08
Sex2 5.31 4.09 (2.1 to 6.1) 0.0006
Weight3 0.09 "0.06 ("0.1 to "0.02) 0.04
Height 20.61 "0.68 ("11.6 to 10.2) 0.90
BMI4 0.10
Bone 0.11 0.07 (0.03 to 0.11) 0.001
Patella cartilage
Age1 "0.01 "0.02 ("0.05 to 0.01) 0.15
Sex2 1.35 1.44 (0.2 to 2.7) 0.03
Weight3 0.02 "0.002 ("0.04 to 0.04) 0.91
Height 5.17 "3.27 ("10.0 to 3.4) 0.32
BMI4 0.02
Bone 0.03 0.01 ("0.01 to 0.04) 0.31
Tibial cartilage
Age1 0.03 "0.01 ("0.05 to 0.04) 0.75
Sex2 1.97 0.44 ("1.3 to 2.2) 0.61
Weight3 0.04 "0.02 ("0.08 to 0.03) 0.34
Height 6.26 "2.58 ("12.0 to 6.8) 0.57
BMI4 0.16
Bone 0.04 0.05 (0.02 to 0.08) 0.007
*Multivariate analysis with age, sex, height, weight and bone volume in regression equation.
1Change per 1 year increase in age.
2Males compared to females.
3Change per kg increase in weight.
4Change per unit increase in BMI.Discussion
In this cross-sectional study of 28 subjects with
structurally normal knees, but who had an MRI
performed for clinical indications (knee pain
<3 months and no evidence of inflammatory orcrystal arthritis), we have shown that, on average,
males have significantly larger femoral and patella
cartilage volumes than females, independent of
age, body size and bone size. Although not statisti-
cally significant, the tibial cartilage volume was
also greater in men than women.
Prior to our study no data was available on
gender di#erences in cartilage volume, although
some limited data was available on knee cartilage
thickness. One MRI based study showed that car-
tilage thickness was greater in men than women
[18]. Although a prospective arthrographic study
of medial and lateral femoral cartilage thickness
suggested that men had thicker cartilage than
women did, no adjustment was made for di#er-
ences in bone size among men and women [19].
It is possible that gender di#erences in knee
cartilage volume are due to confounding by size
di#erences in men and women, however, in our
study we adjusted, not only for height and weight
as surrogate measures of size, but also a direct
measure of the actual bone size, the volume of the
femoral condyles. We showed a large gender di#er-
ence in femoral cartilage volume that is unlikely
to be due to confounding due to bone size given
that we adjusted for femoral condylar volume. The
patella cartilage volume was also greater in men
than women, and although the same was true for
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cally significant. It may be that larger numbers of
subjects will be needed to determine whether there
are gender di#erences in the volume of the tibial
cartilage, given the larger coe$cient of variation
in this measurement compared to femoral and
patella cartilages.
Although all our subjects had normal MRI and
no radiological abnormalities, they were not a
normal population as a knee MRI had been per-
formed for a clinical indication, pain of <3 months
duration. However, it is unlikely that this bias
could explain the gender di#erences we observed
since the same selection bias was operating for
men and women. Nevertheless, these findings will
need to be confirmed in a normal population. Men
in our study tended to be older than women. As the
available data suggests that age has no e#ect on
cartilage thickness [12] or that cartilage thickness
decreases with age [20–22], the age di#erence in
our study would favour a decreased cartilage vol-
ume in males compared to females, rather the
increase we observed.
There are a number of potential limitations in
using MRI for cartilage volume estimates. The
accurate delineation of articular cartilage depends
on high contrast relative to adjacent tissues. We
therefore used a previously validated fat-supressed
gradient echo sequence [6, 13]. Furthermore, as
has previously been recommended [13], in order to
improve in-plane resolution we used a matrix of
512#512 pixels, resulting in an in-plane resolution
of 0.31#0.31. The reproducibility of our measure-
ments was comparable to previously reported work
[6], but somewhat lower than recently reported
recently by Eckstein et al. [13]. The reproducibility
of the volume measures was slightly higher in the
in the patella and femoral cartilage than the tibial
cartilages. This may in part be due to partial
volume e#ects in the internal aspects of the tibial
surfaces, which rise steeply to the intercondylar
region [23]. Nevertheless, these di#erences in
reproducibility are unlikely to a#ect our conclu-
sions since they are small and would have simi-
larly a#ected analysis of data from men and
women.
There is evidence that there are gender di#er-
ences in other parts of the musculoskeletal system.
For example, it has been shown that men have
more muscle mass than women [14] and that the
ability to produce strength proportional to muscle
size is lower in women than in men within the
same generation [15]. There is still controversy as
to whether bone mineral density is higher in men
that women or whether observed changes are due
to residual confounding due to size [16].There are a number of possible mechanisms for
the gender di#erence in cartilage volume. It may
be that di#erences in physical activity between
men and women, with di#erent dynamic forces
across the knee joint explain some of this di#er-
ence [19, 23]. For example, it has previously been
shown that people with low compressive forces
across the knee, as with people confined to wheel-
chairs, have extremely thin knee cartilage [19].
Alternatively hormonal di#erences may be import-
ant. Oestrogen receptors have been found on
articular chondrocytes [24]. Oestrogen may act on
subchondral bone and cartilage receptors via
receptors and second messengers such as the regu-
latory polypeptides TGF-â or cartilage-inducing
factor-A, interfering with osteoclast and osteoblast
coupling and cartilage turnover [25].
Given the strong gender influences on knee
cartilage volume, we examined whether this e#ect
was consistent across other possible determinants
of cartilage volume. Our data, although based on
small numbers, suggests a gender di#erence in
patellar volume that increases with age, even
after adjusting for bone volume. No other factor
exhibited heterogeneity in gender di#erences be-
yond chance e#ects. Other studies have suggested
gender di#erences in the e#ect of other potential
cartilage determinants [14, 18]. For example, one
MRI based study suggested an inverse correlation
between cartilage thickness and age in men but not
women [18] while a previous autopsy study sug-
gested that thickness of patella articular cartilage
only decreased in women, not men, aged over
50 years [19]. Consistent with our findings with
cartilage volume, a previous study showed that
body weight was inversely related to cartilage
thickness in men [18]. Any potential gender di#er-
ences in determinants of cartilage volume will
need to be confirmed in larger studies.
In summary, men have significantly larger knee
cartilage volume than women, independent of body
and bone size. The mechanisms for, and whether
this contributes to the lower risk of knee osteo-
arthritis in men compared to women, will need to
be determined.References
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